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1
METHOD OF GENERATING ROBOT PATH
AND COMPUTING DEVICE FOR
PERFORMING THE METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Korean Patent
Application No. 10-2023-0147884 filed on Oct. 31, 2023, in
the Korean Intellectual Property Office, the entire disclosure
of' which is incorporated herein by reference for all purposes.

BACKGROUND
1. Field of the Invention

One or more embodiments relate to a method of gener-
ating a robot path, and more particularly, to a method of
generating a translation path of a robot for drawing a
two-dimensional (2D) image on a non-planar three-dimen-
sional (3D) surface and a computing device for performing
the method.

2. Description of the Related Art

Recently, with the remarkable development of robot tech-
nology, “robotic art” has become popular among both artists
and robot engineers. Communities related to robotic art have
presented a lot of fully autonomous or semi-autonomous
robot drawing systems in the past. However, creating an
autonomous robot drawing system is as difficult as creating
any other autonomous robot systems as the autonomous
robot drawing system requires robust components consisting
of control, detection, planning, and a human-robot interface.

In addition, most of existing robot drawing systems are
limited to a plane canvas. Drawing on a non-planar canvas
requires mapping a two-dimensional (2D) drawing path of a
2D image to a three-dimensional (3D) drawing path on a
target canvas surface without introducing any visual artistry.
Therefore, a reliable and distortion-free method is needed
for mapping between a 2D drawing path space and a 3D
drawing path space of the target canvas surface.

In addition, the existing robot drawing systems may have
a limitation on the size of a drawing canvas due to a
limitation of the reach distance of a manipulator of a
drawing robot. To solve this issue, a robot drawing system
requires using a mobile platform that mounts a manipulator.
However, using the mobile platform creates an additional
task of navigation planning.

SUMMARY

Embodiments provide a method and apparatus for draw-
ing a two-dimensional (2D) image on a non-planar three-
dimensional (3D) surface with minimal distortion.

In addition, embodiments provide a method and apparatus
for generating a translation path of a robot consisting of a
manipulator and a mobile platform to draw a 2D image on
a large, non-planar 3D surface.

However, the technical aspects are not limited to the
aforementioned aspects, and other technical aspects may be
present.

According to an aspect, there is provided a method of
generating a robot path including identifying a drawing pose
set for a manipulator included in a robot in order to draw a
two-dimensional (2D) image on a three-dimensional (3D)
target surface, setting a profile curve by projecting surface
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points of the 3D target surface onto an xy-plane, determining
coverage circles of the manipulator that are capable of
covering all surface points of the profile curve, deriving
bounding circles for a mobile platform of the robot mount-
ing the manipulator, corresponding to each of the deter-
mined coverage circles, and generating a translation path of
the robot for drawing the 2D image on the 3D target surface
based on the derived bounding circles.

The identifying of the drawing pose set may include
identifying 2D drawing data for the 2D image, converting
the 3D target surface to a 2D parametric domain, mapping
all drawing points included in the 2D drawing data to the 2D
parametric domain, and determining a drawing pose set of
the manipulator by inverting the 2D parametric domain to
which all of the drawing points are mapped to the 3D target
surface.

The mapping of all of the drawing points to the 2D
parametric domain may include identifying, corresponding
to a missing drawing point of the 2D drawing data, four
nearest matching drawing points that form a quadrilateral in
the 2D parametric domain, wherein the missing drawing
point is a point that is not mapped to the 2D parametric
domain, and determining a drawing pose set for the manipu-
lator of the robot by parameterizing the missing drawing
point by applying bilinear interpolation to a quadrilateral
formed by the identified four nearest matching drawing
points.

The determining of the coverage circles of the manipu-
lator may include identifying a plurality of coverage circle
candidates that is capable of covering all of the surface
points of the profile curve and selecting final coverage
circles for generating the robot path from among the iden-
tified plurality of coverage circle candidates based on a
number of surface points of the profile curve included in
each of the identified plurality of coverage circle candidates.

The deriving of the bounding circles may include deter-
mining a center of a bounding circle for the mobile platform
to be in a direction perpendicular to a line connecting two
endpoints among surface points of the profile curve included
in each of the determined coverage circles.

In the mobile platform, a pose direction may be deter-
mined based on the direction perpendicular to the line
connecting the two endpoints.

The generating of the translation path of the robot may
include determining a line connecting centers of each of the
derived bounding circles for the mobile platform to be the
translation path of the robot.

According to another aspect, there is provided a method
of generating a robot path including identifying a drawing
pose set for a manipulator included in a robot in order to
draw a two-dimensional (2D) image on a three-dimensional
(3D) target surface, setting a profile curve by projecting
surface points of the 3D target surface onto an xy-plane,
identifying a plurality of coverage circle candidates that is
capable of covering all surface points of the profile curve,
selecting, from among the identified plurality of coverage
circle candidates, a first coverage circle candidate that
includes a greatest number of surface points of the profile
curve, selecting a second coverage circle candidate that
includes a greatest number of surface points among surface
points of the profile curve other than surface points included
in the first coverage circle candidate, iterating the selecting
of the first and second coverage circle candidates until
coverage circle candidates capable of covering all of the
surface points of the profile curve are selected, deriving
bounding circles for a mobile platform of the robot mount-
ing the manipulator, corresponding to each of final coverage
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circles selected through the iteration, and generating a
translation path of the robot for drawing the 2D image on the
3D target surface based on the derived bounding circles.

The identifying of the drawing pose set may include
identifying 2D drawing data for the 2D image, converting
the 3D target surface to a 2D parametric domain, mapping
all drawing points included in the 2D drawing data to the 2D
parametric domain, and determining a drawing pose set of
the manipulator by inverting the 2D parametric domain to
which all of the drawing points are mapped to the 3D target
surface.

The deriving of the bounding circles may include deter-
mining a center of a bounding circle for the mobile platform
to be in a direction perpendicular to a line connecting two
endpoints among surface points of the profile curve included
in each of the determined coverage circles.

In the mobile platform, a pose direction may be deter-
mined based on the direction perpendicular to the line
connecting the two endpoints.

According to another aspect, there is provided a comput-
ing device including at least one processor and a memory
configured to load or store a program executed by the
processor, wherein the program includes instructions that,
when executed by the processor, cause the processor to
identify a drawing pose set for a manipulator included in a
robot in order to draw a two-dimensional (2D) image on a
three-dimensional (3D) target surface, set a profile curve by
projecting surface points of the 3D target surface onto an
xy-plane, determine coverage circles of the manipulator that
are capable of covering all surface points of the profile
curve, derive bounding circles for a mobile platform of the
robot mounting the manipulator, corresponding to each of
the determined coverage circles, and generate a translation
path of the robot for drawing the 2D image on the 3D target
surface based on the derived bounding circles.

The processor may be configured to identify 2D drawing
data for the 2D image, convert the 3D target surface to a 2D
parametric domain, map all drawing points included in the
2D drawing data to the 2D parametric domain, and deter-
mine a drawing pose set of the manipulator by inverting the
2D parametric domain to which all of the drawing points are
mapped to the 3D target surface.

The processor may be further configured to identify,
corresponding to a missing drawing point of the 2D drawing
data, four nearest matching drawing points that form a
quadrilateral in the 2D parametric domain, wherein the
missing drawing point may be a point that is not mapped to
the 2D parametric domain, and to determine a drawing pose
set for the manipulator of the robot by parameterizing the
missing drawing point by applying bilinear interpolation to
a quadrilateral formed by the identified four nearest match-
ing drawing points.

The processor may be further configured to identify a
plurality of coverage circle candidates that is capable of
covering all of the surface points of the profile curve and to
select final coverage circles for generating the robot path
among the identified plurality of coverage circle candidates
based on a number of surface points of the profile curve
included in each of the identified plurality of coverage circle
candidates.

The processor may be further configured to determine a
center of a bounding circle for the mobile platform to be in
a direction perpendicular to a line connecting two endpoints
among surface points of the profile curve included in each of
the determined coverage circles.
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In the mobile platform, a pose direction may be deter-
mined based on the direction perpendicular to the line
connecting the two endpoints.

The processor may be further configured to determine a
line connecting centers of each of the derived bounding
circles for the mobile platform to be the translation path of
the robot.

Additional aspects of embodiments will be set forth in
part in the description which follows and, in part, will be
apparent from the description, or may be learned by practice
of the disclosure.

According to embodiments, a 2D image may be drawn on
a non-planar 3D surface with minimal distortion.

In addition, according to embodiments, a translation path
of a robot consisting of a manipulator and a mobile platform
may be generated to draw a 2D image on a large, non-planar
3D surface.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects, features, and advantages of
the invention will become apparent and more readily appre-
ciated from the following description of embodiments, taken
in conjunction with the accompanying drawings of which:

FIG. 1 is a diagram illustrating a robot drawing system
according to an embodiment;

FIG. 2 is a diagram illustrating a configuration of a
computing device according to an embodiment;

FIG. 3 is a diagram illustrating a method of identifying a
drawing pose set for a manipulator included in a robot in
order to draw a two-dimensional (2D) image on a three-
dimensional (3D) target surface, according to an embodi-
ment;

FIG. 4 is a diagram illustrating a method of mapping 3D
surface data to a 2D parametric domain, according to an
embodiment;

FIG. 5 is a diagram illustrating a method of mapping 2D
drawing data to a 2D parametric domain, according to an
embodiment;

FIG. 6 is a diagram illustrating a method of generating a
robot path, according to an embodiment;

FIGS. 7A and 7B are diagrams illustrating a coverage map
of a manipulator according to an embodiment;

FIGS. 8A, 8B, and 8C are diagrams illustrating three
models of a 3D target surface according to an embodiment;
and

FIG. 9 is a diagram illustrating a method of determining
a coverage circle and a bounding circle, according to an
embodiment.

DETAILED DESCRIPTION

The following structural or functional description of
examples is provided as an example only and various
alterations and modifications may be made to the examples.
Thus, an actual form of implementation is not construed as
limited to the examples described herein and should be
understood to include all changes, equivalents, and replace-
ments within the idea and the technical scope of the disclo-
sure.

Although terms such as first, second, and the like are used
to describe various components, the components are not
limited to the terms. These terms should be used only to
distinguish one component from another component. For
example, a “first” component may be referred to as a
“second” component, and similarly, the “second” compo-
nent may also be referred to as the “first” component.
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It should be noted that when one component is described

as being “connected,” “coupled,” or “joined” to another
component, the first component may be directly connected,
coupled, or joined to the second component, or a third
component may be “connected,” “coupled,” or “joined”
between the first and second components.
The singular forms “a,” “an,” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. As used herein, each of “A or B,” “at
least one of A and B,” “at least one of A or B,” “A, B, or C,”
“at least one of A, B, and C,” “at least one of A, B, or C,”
and the like may include any one of the items listed together
in the corresponding one of the phrases, or all possible
combinations thereof. It will be further understood that the
terms “comprises/comprising” and/or “includes/including,”
when used herein, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components
and/or groups thereof.

Unless otherwise defined, all terms used herein including
technical and scientific terms have the same meanings as
those commonly understood by one of ordinary skill in the
art to which this disclosure pertains. Terms such as those
defined in commonly used dictionaries are to be interpreted
as having a meaning that is consistent with their meaning in
the context of the relevant art and are not to be interpreted
in an idealized or overly formal sense unless expressly so
defined herein.

Hereinafter, the examples are described in detail with
reference to the accompanying drawings. When describing
the examples with reference to the accompanying drawings,
like reference numerals refer to like components and a
repeated description related thereto is omitted.

FIG. 1 is a diagram illustrating a robot drawing system
according to an embodiment.

Referring to FIG. 1, using a robot 110, a robot drawing
system 100 may provide a method of drawing a two-
dimensional (2D) image (i.e., a 2D drawing input) on a
three-dimensional (3D) target surface with minimal distor-
tion. Here, the robot 110 of the robot drawing system 100
may include a manipulator 111 capable of drawing the 2D
image on the 3D target surface and a mobile platform 112
that provides mobility to the manipulator 111.

First, the robot drawing system 100 may collect 2D

drawing data ffi} < R ? including drawing points that are
present on a drawing path of the 2D image. More specifi-
cally, the robot drawing system 100 may collect, via a user
device such as a tablet or a mobile phone, the 2D drawing

data ffi} including a sequence of drawing points that define
quadratic Bézier curve patches.

When 3D surface data S © R * including surface points for
the 3D target surface in the format of a mesh or a point cloud
is provided, the robot drawing system 100 may estimate a
normal vector for each surface point included in the 3D
surface data S. Here, the estimated normal vector may be
used to determine a direction of an end effector of the robot
110 and conformal mapping.

The robot drawing system 100 may parameterize 1:S <
R >—Qc R ? the 3D surface data S on the 3D target surface
into a 2D parametric domain Q through a parameterization
function .

The robot drawing system 100 may obtain a drawing pose

oy d
set 5‘,% =SE(3) of the manipulator 111 to be mapped to the
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6
3D target surface by mapping the 2D drawing data T o

the 2D parametric domain €2 and reverse-mapping ¢~ the
2D parametric domain €2, to which the 2D drawing data

f‘ is mapped, to the 3D surface data S. Here, SE stands
for special Euclidean group and indicates a group that may
present a movement of a rigid body through 3D rotation and
translation.

The robot drawing system 100 may not have a limitation
on a size of the 3D target surface to be drawn because the
mobile platform 112 provides mobility. Therefore, it is
necessary to generate a translation path of the robot 110 for
drawing the 2D image on the 3D target surface.

To this end, the robot drawing system 100 may identify a
discrete coverage set of the robot 110 that covers the entire
drawing path by introducing a concept of coverage of the
robot 110. Thereafter, the robot drawing system 100 may
divide the 2D image into a plurality of sub-drawings accord-
ing to the identified discrete coverage set and may render the
2D image on the 3D target surface using impedance control
for each of the plurality of divided sub-drawings.

FIG. 2 is a diagram illustrating a configuration of a
computing device according to an embodiment.

Referring to FIG. 2, a computing device 200 may include
at least one processor 210 and a memory 220 for loading or
storing a program 230 performed by the processor 210. The
components included in the computing device 200 of FIG.
2 are only an example, and one of ordinary skill in the art
may understand that other generally used components may
further be included than the components shown in FIG. 2.

The processor 210 may control an overall operation of
each component of the computing device 200. The processor
210 may include at least one of a central processing unit
(CPU), a microprocessor unit (MPU), a microcontroller unit
(MCU), a graphics processing unit (GPU), a neural process-
ing unit (NPU), a digital signal processor (DSP), or other
types of well-known processors in a relevant field of tech-
nology. In addition, the processor 210 may perform an
operation of at least one application or program to perform
the methods/operations described herein according to
embodiments. The computing device 200 may include one
Of MOre Processors.

The memory 220 may store one of, or a combination of
two or more of, various pieces of data, instructions, and
pieces of information that are used by a component (e.g., the
processor 210) included in the computing device 200. The
memory 220 may include a volatile memory or a non-
volatile memory.

The program 230 may include one or more actions
implementing the methods/operations described herein
according to the embodiments and may be stored in the
memory 220 as software. In this case, an operation may
correspond to an instruction that is implemented in the
program 230. For example, the program 230 may include
instructions that may cause the processor 210 to identify a
drawing pose set for a manipulator included in a robot in
order to draw a 2D image on a surface of a 3D target surface,
to define a profile curve by projecting surface points of the
3D target surface onto an xy-plane, to determine coverage
circles of the manipulator that may cover all surface points
of the profile curve, to derive bounding circles for a mobile
platform of the robot mounting the manipulator correspond-
ing to each of the determined coverage circles, and to
generate a translation path of the robot for drawing the 2D
image on the 3D target surface based on the derived bound-
ing circles.
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When the program 230 is loaded in the memory 220, the
processor 210 may execute a plurality of operations to
implement the program 230 and perform the methods/
operations described herein according to embodiments.

An execution screen of the program 230 may be displayed
on a display 240. Although the display 240 is illustrated as
a separate device connected to the computing device 200 in
FIG. 2, the display 240 may be one of the components of the
computing device 200 in the case that the computing device
200 is a portable terminal of a user, such as a smartphone,
a tablet, and the like. The screen displayed on the display
240 may be a state before information is input to the
program 230 or may be an execution result of the program
230.

FIG. 3 is a diagram illustrating a method of identifying a
drawing pose set for a manipulator included in a robot in
order to draw a 2D image on a 3D target surface, according
to an embodiment.

The method of identifying a drawing pose set, illustrated
in FIG. 3, may be performed by the processor 210 of the
computing device 200 shown in FIG. 2. In operation 310, the

processor 210 may identify 2D drawing data ffi} for a 2D
image. More specifically, the processor 210 may collect
drawing points for the 2D image from a user device includ-
ing a pen interface, such as a tablet or a mobile phone,
through a vector graphics engine. Here, each of the collected
drawing points for the 2D image may include information on
pen pressure.

In operation 320, the processor 210 may convert the 3D
target surface to a 2D parametric domain. To render the 2D
image on the 3D target surface using robot motion, a depth
of each of the drawing points included in the 2D drawing

data ffi} may need to be determined.

To this end, the processor 210 may parameterize 3D
surface data S into a 2D parametric domain Q through a
parameterization function W using conformal mapping,
which is one of surface parameterization techniques that
preserve both an angle and a shape.

Referring to FIG. 4, the parameterization function W
through which the 3D surface data S may be mapped to the
2D parametric domain Q may be referred to as being
conformal when vectors that tangent along a horizontal line
410 and a vertical line 420 intersect at the 3D surface data
S and have an identical normal, wherein the horizontal line
410 and the vertical line 420 may be orthogonal to each
other and may form a regular grid for each (u,v)e Q.

a=nxb [Equation 1]

Here, a and b denotes tangent vectors, and n denotes a unit
normal of (x,y,z)eS. In other words, conformal mapping
may be a local similarity conversion and may convert a basic
circle on a plane to a basic circle of a (u,v) area.

In operation 330, the processor 210 may determine the
drawing pose set by mapping all drawing points included in

the 2D drawing data ;{\ to the 2D parametric domain Q.
The 3D surface data S may be a set of unorganized/sparse
surface points and may not necessarily form a uniform grid.

In other words, since all drawing points included in the

2D drawing data ;{\ may not be mapped to the 2D
parametric domain €, the processor 210 may perform bilin-
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8

ear interpolation in the 2D parametric domain Q and esti-

mate (u,v) coordinates of the 2D drawing data 5”3‘ .

First, when the 3D surface data S of the 3D target surface
and the corresponding 2D parametric domain Q are given,
the processor 210 may store the 3D surface data S as a
quadtree data structure. The processor 210 may calculate a
parametric scale in the 2D parametric domain Q along with
a desired drawing scale and may match the 2D drawing data

fﬁf}‘ to the 2D parametric domain Q.

For example, referring to FIG. 5, first points 510 may
indicate matching drawing points, for which mapping has
been completed to the 2D parametric domain €, among the

drawing points included in the 2D drawing data 5”3‘ . On the
contrary, a second point 520 may indicate a missing drawing
point, which has not been mapped to the 2D parametric
domain, among the drawing points included in the 2D

drawing data f"

The processor 210 may identify, for the second point 520,
four nearest matching drawing points 530 that form a
quadrilateral in the 2D parametric domain €.

The processor 210 may parameterize a location p, of the
3D surface data S and d; mapped to a surface normal n, by
applying bilinear interpolation to the quadrilateral. Through
this, the processor 210 may determine a drawing pose set

fﬁﬁ consisting of drawing points mapped to the 3D target
surface along with a corresponding surface direction, as
shown in Equation 2 below.

D ={(ps, 1)|pr € R®, 1 € SOB3)} [Equation 2]

Here, r; is a parameter related to orientation, or rotation,
of an end portion of the robot. For ease of description, it is
assumed herein that all positions and coordinates are calcu-
lated based on the World frame.

FIG. 6 is a diagram illustrating a method of generating a
robot path, according to an embodiment.

The method of generating a robot path, shown in FIG. 6,
may be performed by the processor 210 of the computing
device 200 shown in FIG. 2. Since the mobile platform
included in the robot may move freely, a size of a 3D target
surface on which a 2D image is drawn may not be limited.
Thus, when the size of the 3D target surface is large, the
processor 210 may generate a translation path of the robot

that may cover the entire drawing pose set fx}
To this end, the processor 210 may define concepts of
reachability and coverage of the robot. First, when a robot
! g
E:S having a forward kinematics map *" s given,
&%

1

reachability 3 (c) for a configuration ce SE(3) repre-
senting a position of the robot may be defined as a mapping
from SE(3) to {0, 1}. In other words, the reachability may

e

correspond to (1) when q exists such that ~ . (q)=c for

<.\§?.~ .
Jqe &, and may correspond to (0) otherwise. Here,

i‘i denotes a configuration space of the robot.

s"“;?.‘ <F
In addition, coverage §,. of the robot Ez having reach-
A‘k‘
ability ‘{“’{2 may be defined as a set of points that an end
effector of the robot may reach, as shown in Equation 3
below.
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C={YpeR*AgeC, ArecS00), Lry(p, =1  [Equation 3]

e .o f"" . .
Here, fx (q) indicates the robot ¢%. disposed in a
configuration q.
The processor 210 may additionally define a concept of a

coverage map based on the coverage i. When a base
frame p,,..cSE(2) of a mobile platform included in the

R . 1
robot 3%’; is limited to the configuration space §.a

coverage map . ¥ { of the robot {¥. having the reach-
a3

{

ability . may be defined as a set of points that an end

P
effector of the robot SE may reach.

FIG. 7A shows the coverage map ,,i&i of the robot

E:Q, wherein the sphere may correspond to each compo-

& 3 .~‘;

nent of the coverage map wk. § When a base frame p,,,, is
fixed, the coverage map @K’g may be a discretized version
of {j; which represents a subset of the coverage {. ofthe

robot {%.
o

In general, a geometric structure of %<§ may be highly
convex and may contain a hole due to a kinematic limitation.
A simple geometric primitive such as a sphere may not be
close to the is of a complex geometric structure. How-
ever, a sphere is selected as a geometric approximate value
because the simplicity of the sphere may relieve the burden
of a reachability test. In addition, a spherical approximate

& 3 .~‘;

value using the coverage map wk. § may have an advan-
tage of quickly finding reachable points on a 3D target
surface.

The processor 210 may assume a geometric characteristic
of the 3D target surface and may reduce a dimension of the

coverage map *2” § from 3D to 2D, as shown in FIG. 7B.
For example, the geometric characteristic of the 3D target
surface may be assumed to be a protruding surface as shown
in FIG. 8A, FIG. 8B and FIG. 8C, and the protruding surface
may be assumed to protrude vertically along the z-axis from
a profile curve S', which is a 2D plane curve defined in the
xy-plane. Thus, since the geometric characteristic of the 3D
target surface may still be related to the profile curve S, the
processor 210 may project a spherical range of L { onto a
2D circle.

In addition, the processor 210 may check a collision

between the robot E:S and the 3D target surface using
another 2D circle (e.g., a bounding circle B;). When the
bounding circle B, is used, not only a mobile platform may
be maintained without colliding with the 3D target surface,
but also a geometric characteristic may be approximated as
a sphere, and accordingly, an unreachable area may be
corrected. More specifically, when the bounding circle B, is

introduced, a final coverage of the robot §%. may be
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identical to ¢ -B,. Accordingly, parts created by overes-

F %
timating reachable parts of the robot 3%’; oto be a sphere

may be excluded by an intersection of L # and B,, and the
overestimated parts may be corrected.

The processor 210 may determine the geometric structure

ot

of the circle representing the coverage circle §~e in 2D and
the bounding circle B, of the mobile platform, as shown in
FIG. 7B, and may calculate a distance d between centers of
o
S.¢ and B,. Here, the following results may be observed in
a cell geometric distribution of the pre-calculated coverage

map G K«E

1) An overall discrete shape of the coverage map

w§f§ may be similar to a spherical shell, and an inner shell
may correspond to an area the manipulator cannot reach.
2) An orientation of the mobile platform may be specified
so that a drawing of the manipulator may occur only in the
direction of the x-axis of the base frame. Thus, a main radial

direction of the coverage map “%E may be aligned with
the x-axis, and a radial range may be limited.

3) It may be assumed that a vertical height of the 3D target
surface is limited along the z-axis. Thus, the coverage map

ﬁig may be cut by a slab defined by the vertical height.

A geometric structure of the coverage map *2” § pro-
jected onto the xy-plane is shown in FIG. 7B, and the
processor 210 may bind only the first several consecutive
rows (e.g., 710) using a circle on the coverage map

w§f§ based on the observation results described above.

Here, the processor 210 may determine the coverage circle
¥

L i (e.g., 720) using a constraint condition that a limit

point of the consecutive rows and the center of the circle are

aligned on the x-axis.

For example, the processor 210 may cut out unnecessary
portions (e.g., outer portions of the gray plane) according to
a predetermined target drawing height. The processor 210
may select columns that include all consecutive points (e.g.,
710) from among the spheres corresponding to each element
of the cut coverage map, wherein the y-axis is a row and the
x-axis is a column. The processor 210 may obtain the
coverage circle is (e.g., 720) by selecting an outermost
sphere from among the selected spheres (e.g., 710) and
calculating a circle centered on a center of the x-axis.

In addition, the processor 210 may also calculate the
bounding circle B, (e.g., 730) with a portion of safety offset
in response to the mobile platform. Here, the bounding circle
may indicate a circle that includes the entire mobile platform
from the center of the mobile platform, and the distance
between the center and a farthest point may be the radius.

The processor 210 may also obtain a distance d between
centers of the coverage circle L ¢ and the bounding circle
B,. The distance d between the centers of the coverage circle
Lo ¢ and the bounding circle B, may be used thereafter to
determine a position of the bounding circle B; with respect
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to a position of the coverage circle L # determined accord-
ing to a path generation algorithm.
¥ 8
Here, instead of using i«; only, L £ -B, may be used to
better approximate a spherical shell geometry of the cover-

age map @K’g wherein “-~” may mean a Boolean differ-
ence.

The processor 210 may generate an optimal translation
path of the robot by using the above parameters.

First, in operation 610, the processor 210 may set a profile
curve S' by projecting surface points of a 3D target surface
onto the xy-plane.

In operation 620, the processor 210 may determine the
coverage circles i; that may cover all surface points of
the profile curve S'. To this end, the processor 210 may
randomly identify a plurality of coverage circle candidates
that may cover all of the surface points of the profile curve
St

Referring to FIG. 9, the processor 210 may select, from
among the identified plurality of coverage circle candidates,

¥
a coverage circle candidate { that includes the most
surface points of the profile curve S'. A set of all surface
S¥a
points in the coverage circle candidate £ may be
o
expressed as X= i ns".

In operation 630, the processor 210 may obtain the
bounding circle B* corresponding to the coverage circle
candidate % and a configuration ° .f of the mobile
Ty

platform of the robot. Here, { may be calculated by
moving in a direction perpendicular to a line connecting two
endpoints of X,. More specifically, the processor 210 may
determine a position, which is at a distance d from a center
S
of the coverage circle candiate {.- in a direction perpen-
dicular to a straight line connecting two endpoints (e.g., 910,
920) among the surface points X; that are covered by the
coverage circle candidate {. , to be a position of the

configuration ) 5 of the mobile platform.

After confirming that the mobile platform of the robot

does not collide with the 3D target surface when the robot
R

is disposed on d 2 the processor 210 may add X, to X,

which is a set of points that have already been covered, and

may iterate the process until a sum of X; includes all of the

surface points of the profile curve S'.

In operation 640, the processor 210 may generate a
translation path of the robot for drawing a 2D image on the
3D target surface based on the derived bounding circles.
More specifically, the processor 210 may obtain, as a result

;;‘) ;"\ X

S = \j

oy

of the iteration process, a tuple con-

Ty

3 of the robot and a set X of the
Ty,

surface points covered by the basic pose ¥} of the robot.

. . . &
sisting of a basic pose *
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Here, the processor 210 may generate a line connecting the
basic pose *° .{ of the robot as the translation path of the
robot.

The examples described herein may be implemented
using hardware components, software components, and/or
combinations thereof. A processing device may be imple-
mented using one or more general-purpose or special-
purpose computers, such as, for example, a processor, a
controller, an arithmetic logic unit (ALU), a digital signal
processor (DSP), a microcomputer, a field programmable
gate array (FPGA), a programmable logic unit (PLU), a
microprocessor or any other device capable of responding to
and executing instructions in a defined manner. The pro-
cessing device may run an operating system (OS) and one or
more software applications that run on the OS. The process-
ing device may also access, store, manipulate, process, and
create data in response to execution of the software. For
purpose of simplicity, the description of a processing device
is used as singular. However, one of ordinary skill in the art
will appreciate that a processing device may include mul-
tiple processing elements and/or multiple types of process-
ing elements. For example, a processing device may include
a plurality of processors, or a single processor and a single
controller. In addition, a different processing configuration is
possible, such as one including parallel processors.

The software may include a computer program, a piece of
code, an instruction, or some combination thereof, to inde-
pendently or collectively instruct or configure the processing
device to operate as desired. The software and/or data may
be stored in any type of machine, component, physical or
virtual equipment, or computer storage medium or device
for the purpose of being interpreted by the processing device
or providing instructions or data to the processing device.
The software may also be distributed over network-coupled
computer systems so that the software is stored and executed
in a distributed fashion. The software and data may be stored
in a non-transitory computer-readable recording medium.

The methods according to the above-described examples
may be recorded in non-transitory computer-readable media
including program instructions to implement various opera-
tions of the above-described examples. The media may also
include the program instructions, data files, data structures,
and the like alone or in combination. The program instruc-
tions recorded on the media may be those specially designed
and constructed for the examples, or they may be of the kind
well-known and available to those having skill in the com-
puter software arts. Examples of non-transitory computer-
readable media include magnetic media such as hard disks,
floppy disks, and magnetic tape; optical media such as
compact disc read-only memory (CD-ROM) and a digital
versatile disc (DVD); magneto-optical media such as flop-
tical disks; and hardware devices that are specially config-
ured to store and perform program instructions, such as
read-only memory (ROM), RAM, flash memory, and the
like. Examples of program instructions include both
machine code, such as those produced by a compiler, and
files containing higher-level code that may be executed by
the computer using an interpreter.

The above-described hardware devices may be configured
to act as one or more software modules in order to perform
the operations of the above-described examples, or vice
versa.

Although the examples have been described with refer-
ence to the limited number of drawings, it will be apparent
to one of ordinary skill in the art that various technical
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modifications and variations may be made in the examples
without departing from the spirit and scope of the claims and
their equivalents. For example, suitable results may be
achieved if the described techniques are performed in a
different order, and/or if components in a described system,
architecture, device, or circuit are combined in a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents.

Therefore, other implementations, other examples, and

5

equivalents to the claims are also within the scope of the 10

following claims.
What is claimed is:
1. A method of generating a robot path, the method
comprising:
identifying a drawing pose set for a manipulator included
in a robot in order to draw a two-dimensional (2D)
image on a three-dimensional (3D) target surface;
setting a profile curve by projecting surface points of the
3D target surface onto an xy-plane;
determining coverage circles of the manipulator that are
capable of covering all surface points of the profile
curve;
deriving bounding circles for a mobile platform of the
robot mounting the manipulator, corresponding to each
of the determined coverage circles; and
generating a translation path of the robot for drawing the
2D image on the 3D target surface based on the derived
bounding circles.
2. The method of claim 1, wherein the identifying of the
drawing pose set comprises:
identifying 2D drawing data for the 2D image;
converting the 3D target surface to a 2D parametric
domain;
mapping all drawing points included in the 2D drawing
data to the 2D parametric domain; and
determining the drawing post set of the manipulator by
inverting the 2D parametric domain to which all of the
drawing points are mapped to the 3D target surface.
3. The method of claim 2, wherein the mapping of all of
the drawing points to the 2D parametric domain comprises:
identifying, corresponding to a missing drawing point of
the 2D drawing data, four nearest matching drawing
points that form a quadrilateral in the 2D parametric
domain, wherein the missing drawing point is a point
that is not mapped to the 2D parametric domain; and
determining the drawing post set for the manipulator of
the robot by parameterizing the missing drawing point
by applying bilinear interpolation to a quadrilateral
formed by the identified four nearest matching drawing
points.
4. The method of claim 1, wherein the determining of the
coverage circles of the manipulator comprises:
identifying a plurality of coverage circle candidates that is
capable of covering all of the surface points of the
profile curve; and
selecting final coverage circles for generating the robot
path from among the identified plurality of coverage
circle candidates based on a number of surface points
of the profile curve included in each of the identified
plurality of coverage circle candidates.
5. The method of claim 1, wherein the deriving of the
bounding circles comprises:
determining a center of a bounding circle for the mobile
platform to be in a direction perpendicular to a line
connecting two endpoints among surface points of the
profile curve included in each of the determined cov-
erage circles.
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6. The method of claim 5, wherein, in the mobile plat-
form, a pose direction is determined based on the direction
perpendicular to the line connecting the two endpoints.

7. The method of claim 1, wherein the generating of the
translation path of the robot comprises:

determining a line connecting centers of each of the

derived bounding circles for the mobile platform to be
the translation path of the robot.
8. A method of generating a robot path, the method
comprising:
identifying a drawing pose set for a manipulator included
in a robot in order to draw a two-dimensional (2D)
image on a three-dimensional (3D) target surface;

setting a profile curve by projecting surface points of the
3D target surface onto an xy-plane;

identifying a plurality of coverage circle candidates that is

capable of covering all surface points of the profile
curve;

selecting, from among the identified plurality of coverage

circle candidates, a first coverage circle candidate that
comprises a greatest number of surface points of the
profile curve;
selecting a second coverage circle candidate that com-
prises a greatest number of surface points among
surface points of the profile curve other than surface
points included in the first coverage circle candidate;

iterating the selecting of the first and second coverage
circle candidates until coverage circle candidates
capable of covering all of the surface points of the
profile curve are selected;

deriving bounding circles for a mobile platform of the

robot mounting the manipulator, corresponding to each
of final coverage circles selected through the iteration;
and

generating a translation path of the robot for drawing the

2D image on the 3D target surface based on the derived
bounding circles.

9. The method of claim 8, wherein the identifying of the
drawing pose set comprises:

identifying 2D drawing data for the 2D image;

converting the 3D target surface to a 2D parametric

domain;

mapping all drawing points included in the 2D drawing

data to the 2D parametric domain; and

determining the drawing post set of the manipulator by

inverting the 2D parametric domain to which all of the
drawing points are mapped to the 3D target surface.

10. The method of claim 8, wherein the deriving of the
bounding circles comprises:

determining a center of a bounding circle for the mobile

platform to be in a direction perpendicular to a line
connecting two endpoints among surface points of the
profile curve included in each of the determined cov-
erage circles.

11. The method of claim 10, wherein, in the mobile
platform, a pose direction is determined based on the direc-
tion perpendicular to the line connecting the two endpoints.

12. A computing device comprising:

at least one processor; and

a memory configured to load or store a program executed

by the processor,

wherein the program comprises instructions that, when

executed by the processor, cause the processor to:

identify a drawing pose set for a manipulator included
in a robot in order to draw a two-dimensional (2D)
image on a three-dimensional (3D) target surface;
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set a profile curve by projecting surface points of the
3D target surface onto an xy-plane;
determine coverage circles of the manipulator that are
capable of covering all surface points of the profile
curve;
derive bounding circles for a mobile platform of the
robot mounting the manipulator, corresponding to
each of the determined coverage circles; and
generate a translation path of the robot for drawing the
2D image on the 3D target surface based on the
derived bounding circles.
13. The computing device of claim 12, wherein the
processor is configured to:
identify 2D drawing data for the 2D image;
convert the 3D target surface to a 2D parametric domain;
map all drawing points included in the 2D drawing data
to the 2D parametric domain; and
determining the drawing post set of the manipulator by
inverting the 2D parametric domain to which all of the
drawing points are mapped to the 3D target surface.
14. The computing device of claim 13, wherein the
processor is configured to:
identify, corresponding to a missing drawing point of the
2D drawing data, four nearest matching drawing points
that form a quadrilateral in the 2D parametric domain,
wherein the missing drawing point is a point that is not
mapped to the 2D parametric domain; and
determining the drawing post set for the manipulator of
the robot by parameterizing the missing drawing point

10

20
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by applying bilinear interpolation to a quadrilateral
formed by the identified four nearest matching drawing
points.

15. The computing device of claim 12, wherein the

5 processor is configured to:

identify a plurality of coverage circle candidates that is
capable of covering all of the surface points of the
profile curve; and

select final coverage circles for generating the robot path

among the identified plurality of coverage circle can-
didates based on a number of surface points of the
profile curve included in each of the identified plurality
of coverage circle candidates.

16. The computing device of claim 12, wherein the
processor is configured to:

determine a center of a bounding circle for the mobile

platform to be in a direction perpendicular to a line
connecting two endpoints among surface points of the
profile curve included in each of the determined cov-
erage circles.

17. The computing device of claim 16, wherein, in the
mobile platform, a pose direction is determined based on the
direction perpendicular to the line connecting the two end-
points.

18. The computing device of claim 12, wherein the
processor is configured to:

determine a line connecting centers of each of the derived

bounding circles for the mobile platform to be the
translation path of the robot.

w
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